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Abstract 

We give a brief overview of black-hole solutions in four-dimensional 
supergravity theories and their extremal and supersymmetric limits. 
We also address problems like cosmic censorship and no-hair theorems 
in supergravity theories. While supergravity by itself seems not to be 
enough to enforce cosmic censorship and absence of primary scalar 
hair, superstring theory may be. 
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1 Unbroken Super symmetry in Supergravity 
Theories 




1.1 Bogomol'nyi Bounds and Supersymmetric config- 
urations 

Some of the basic material in this section can also be found Ref. [H. In 
general, the solutions of a supergravity (SUGRA) theory are not invariant 
under (local) supersymmetry (SUSY) transformations which can be written 
schematically in the form 

~ eF 

for bosons (B) and fermions (F). Purely bosonic (F = 0) configurations^ 
which are invariant under some SUSY transformations generated by the 
SUSY parameters exiling (#) are said to be supersymmetric or to have un- 
broken supersymmetries. By definition exiling (aO satisfies the Killing spinor 
equation 

^Killing-^ ~ ^Killing + CKilling-B = , (2) 

and is called Killing spinor. The Killing spinor has to be a generator of the 
global SUSY algebra at infinity (i.e. a constant spinor in asymptotically flat 
spaces). A solution of the Killing spinor equation that goes to zero at infinity 
simply generates SUSY gauge transformation and is irrelevant. 

Classical solutions of SUGRA theories with unbroken supersymmetries 
enjoy special properties: 

1. Classical supersymmetric solutions are simpler and depend on a smaller 
number of functions. Their simplicity is also due to the fact that: 

2. In general a configuration admitting Killing spinors also admits Killing 
vectors which can be formed with the bilinear 



^Killing ~ e K illing7 Me Killing • (3) 

^Killing i s timelike or null on d = 4, null in N = 1, d = 10 SUGRA etc.0 
The null Killing vector is associated to massless representations of the 
global SUSY algebra with vanishing values of the central charges and 

3 These are the configurations that correspond to classical solutions. 
4 A exception seems tobeiV=l,c£ = ll SUGRA. 
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the associated solutions are gravitational waves. The timelike Killing 
vectors are in general associated to massive representations of the global 
SUSY algebra with or without central charges and the corresponding 
solutions are objects like black holes (BHs) and (M-, D-) p-branes. 

3. Supersymmetric configurations saturate Bogomol'nyi (B) bounds when 
they are asymptotically flat and massiveQ These bounds can be ob- 
tained via a Nester construction |§ (see also ||) or by associating the 
classical solution to a state in the quantum SUGRA theory In the 
first case, certain assumptions concerning boundary and energy condi- 
tions have to be made. In the second case, one first has to make sure 
that such a states really does exist. In that case, given the action of 
the iV-extended global SUSY algebra on the state one can derive the 
inequalities || 

M-\Zi\>0, i = l,...,[N/2], (4) 

where the Zj's are the central charge matrix's complex skew eigenvalues 
and are complicated combinations of the electric and magnetic charges 
of the vector fields in the supergravity multiplet (graviphotons) and 
the constant values of the scalars at infinity (moduli). Since a SUSY 
transformation on states is of the form 

5 e ~eQ\>, (5) 

the existence of Killing spinors in the associated classical configuration 
is related to the state's annihilation by e ^ 11 iT1g Q which implies that at 
least one of the above B bounds (say % = 1) is saturated 

M = \Z 1 \>\Z i \, z^l. (6) 

The number of bounds saturated depends on the number of indepen- 
dent Killing spinors (i.e. the number of independent SUSY charges 
^Killing Q that annihilate the state. In iV = 8, d = 4 SUGRA there are 
four Zj's and three possibilities (up to permutations, which are related 
to duality transformations): 

5 Other bounds could be found for different asymptotics. For instance, for asymptoti- 
cally Taub-NUT spaces § 



3 



' M = 


\Zi\ 


> 


\Zi\, 


\Zs\, \Z^\ - 


> 1/8 


< M = 


\Z\\ = \z 2 \ 


> 


\z 3 \, 


1 z& | z 


> 1/4 


M = 

V 




\Za\ 






> 1/2 



where the fraction of the total N = 8 supersymmetries which are un- 
broken is on the right. 

States that belong to the third case (which is the only in which the 
saturated bound is duality-invariant and can be written as a expression 
linear on the electric and magnetic charges) have maximal unbroken 
SUSY and minimal mass for the given charge sector which ensures 
maximal classical and quantum stability^. They are called BPS states. 
Vacuum states have all supersymmetries unbroken. 

4. Supersymmetric configurations obey no-force conditions and multi-pole 
solutions describing several supersymmetric objects in equilibrium can 
be found. For instance, if we take two objects (which in a SUGRA 
theory would be extreme RN BHs) satisfying Mi = ±Qi (which is 
the N = 2,d = 4 SUGRA B bound), wherever they are placed, the 
Newtonian and Coulombian forces cancel each other: 



_ _M 1 M l QiQ 



r ij r ij 



and it is reasonable to expect that there are static classical solutions 
describing them in equilibrium^ These solutions are the Majumdar- 
Papapetrou solutions H and describe arbitrary number of BHs satis- 
fying Mi = ±Qi M. 



1.2 Supersymmetric Embeddings 

Given a solution of GR coupled to matter, we would like to known whether 
it is supersymmetric or not. For that we have to be able to identify it with 
a solution of a SUGRA theory, i.e. we have to find a solution of a SUGRA 
theory with the same metricf], or a supersymmetric embedding of the original 

6 In the ungauged SUGRA theories that we are considering here there are no particles 
carrying the graviphotons' electric and magnetic charges which are both, therefore, of 
topological nature. 

7 If they do not satisfy the B bound, there are also solutions describing them in motion, 
but they are much more complicated, although of great interest in astrophysics. 
8 In general it will have different matter fields. 
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solution whether or not it has unbroken supersymmetries. If there is one, 
then there are many possible embeddings for a given GR solution, due to the 
dualities if the SUGRA theories. These dualities in general respect unbroken 
supersymmetries and, thus, all duality-related embeddings are equally good 
from that point of view. Apart from the duality-related embeddings there 
are some more or less exceptional embeddings which are not duality-related 
to the others and have a different number of unbroken supersymmetries. 

Example 1 The electric RN BH solution is a solution of the Einstein Maxwell 

system 



d x\ 



(9) 



Given that the bosonic part of the action of N = 2, d = 4 SUGRA 
coincides with the the Einstein-Maxwell action, an embedding of the 
electric RN BH solution consists in identifying the metric and the vector 
field of both theories. There is a second embedding: one can identify 
the metrics and the vector field of the Einstein-maxwell system with the 
dual vector field of the SUGRA theory. Both embeddings are related by 
electric-magnetic duality and both have the same number of unbroken 
supersymmetries (1/2 of the N = 2 in the extreme limit.). 

Example 2 If we want to embed the same solution into N = 4, d = 4 
SUGRA, whose action is 



S = Id xJ\g 



R + 2(<90) 2 + e^ida) 2 - e~ 2 ^ ^(-P) 2 - a £ F^F 1 



i=i 



i=i 



(10) 

we also have to satisfy the scalar equations of motion. In particular, 
the dilaton equation of motion 



V 2 0~e" 2 ^On 2 , (11) 
1=1 

implies that to have no dilaton (which would change the RN metric) 
we must have Y^=i{F 1 ) 2 — 0. For this it is necessary to have two 
non-trivial vector fields one with electric charge qi and the other with 
magnetic charge ps = ±q±. Different choices of non-trivial vector fields 
are related by T duality transformations. Another embedding would 
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consist of two vector fields with electric and magnetic charge q\ = 



Example 3 To embed the RN BH into iV = 4, d = 4 SUGRA coupled to six 
vector multiplets (the theory that one obtains when one compactifies 
N — 1, d — 10 SUGRA on T 6 ) we can simply embed N = 4 into 
N = A + 6V and so the vector field of the Einstein-Maxwell system 
is still identified with a graviphoton. There is another possibility: to 
identify this vector field with a matter vector field. This embedding 
breaks all supersymmetries and it is not related to the previous one by 
duality H |9| . From the point of view of the string effective action one 
needs four vector fields with charges \qi\ = \q 2 \ = = \p^\ = \q\. The 
two possible sets of embeddings correspond to the two possible relative 
signs qt = ±q 2 , p 3 = ±p 4 . 

Example 4 To embed the RN BH in iV = 8, d = 4 SUGRA (the theory that 
one obtains when one compactifies iV = 2A, N = 2B, d = 10 SUGRA 
on T 6 , the effective field theories of the type II string theories) one can 
simply embed again N = 4 + QV into N = 8 using the embedding of 
N — l,d— 10 into the N — 2, d — 10 theories (which consists in the 
identification of the NS-NS fields). However, now, the two kinds of 
embeddings described before turn out to be supersymmetric in iV = 8 
(the matter vector fields of iV = 4 are graviphotons of AT = 8). There 
are now more possible embeddings too: from the string point of view, 
one needs four non-trivial vector fields to embed the RN solution into 
iV = 8, d = 4 SUGRA. All that is required is that the four charges have 
the same absolute value: = \q 2 \ = \ps\ = \ps\ = \q\. There are now 
eight different relative sign choices (embeddings up to T dualities). In 
the extremal limit only a half (i.e. four) of them are supersymmetric. 

The non- supersymmetric embeddings (that is, supersymmetric embed- 
dings without unbroken SUSY) share many properties with the super- 
symmetric ones (after all, they have the same metric): Bogomol'nyi- 
like identities are satisfied |1(| and the solutions seem to have the same 



stability properties |IT| . This may suggest that there is a theory with 
more SUSY (N = 16?), of which iV = 8 is a consistent truncation, in 



which all of these embeddings are supersymmetric [12|, . This theory 



may have a 12-dimensional origin. Similar ideas have been suggested 



in Refs. |L3| 



'Two are necessary to satisfy the axion a equation with vanishing axion. 
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There seems to be a difference between embeddings in globally and locally 
supersymmetric theories. The 't Hooft-Polyakov monopole in the BPS limit 
can be embedded both in iV = 2 and N = 4 SYM and in both cases it has 
1/2 of the supersymmetries unbroken, i.e. one and two respectively. However, 
if we restrict ourselves to supersymmetric embeddings with unbroken SUSY 
the extreme RN has 1/2 of N = 2 1/4 of N = 4 and 1/8 of N = 8 unbroken 
SUSYs, i.e. always only one. 

1.3 BH Thermodynamics and SUSY 
1.3.1 N = 1, d = 4 SUGRA 

The bosonic part of this theory is GR. The B bound is equivalent to the 
positivity of energy |M>0. The only static BH solution is Schwarzschild's 
which depends only on M and becomes Minkowski space in the M = 
(extreme and supersymmetric) limit. M If we associate a quantum state to 
Schwarzschild's solution^] (or assume some energy conditions) M will always 
be positive and the solution with M < which has naked singularities will 
be excluded from the theory. SUSY seems to act here as a cosmic censor || . 
The temperature and entropy are given by 

1 M -> 

S^M > °°> 

(12) 

4vrM 2 ^ 0. 

Observe that T does not go to zero in the extreme limit while it is rea- 
sonable to say that Minkowski's temperature is zero. This is one of many 
examples in which a family of metrics depending on continuous parameters 
(in this case the mass M) has physical properties which are not continu- 
ous functions of those parameters. The obvious reason is that the family of 
metrics itself is not a continuous function (in the space of metrics) of those 
parameters. Here, any metric with M / 0, no matter how small, has a hori- 
zon and is different from Minkowski's. The lesson to be learned in this simple 
example is that the properties of Minkowski's space cannot be calculated by 
naively taking the M — > limit in Schwarzschild's. 



10 Minkowski's space has all (one) supersymmetries unbroken. It is a vacuum of the 
theory. In all other cases this will also be true and we will not mention this fact any more. 
11 It is not clear that this can be done. 



T = 
S = 
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1.3.2 N = 2, d = 4 SUGRA 



The bosonic part of this theory is the Einstein-Maxwell system Eq. (^). The 
B bound is M > \Q + iP\ = \Z\. The only static BH solution is RN's which 
depends on the ADM mass M, the electric charge Q and magnetic charge P. 
When the B bound is saturated and the SUSY limit is reached the extreme 
limit in which the two RN horizons coincide is also reached (extreme RN 
(ERN) solution). The B bound ensures that no naked singularities will arise 
from trespassing the extreme limit and, in this sense, SUSY acts again as a 
cosmic censor. The ERN solution has one unbroken SUSY. 
The temperature and entropy are given by 



T 



M 2 - \Q + iP\ 2 



2tt 



M — > \Q + iP\ _ 

> 



M + J M + J M 2 - \Q + iP\ 



S = 7T 



■1 2 



M+JM 2 - \Q + iP\ 



M ^4 lPl vrM 2 . 



(13) 
(14) 



Our experience in the N — 1 case should prevent us from trusting the 
above limits because the ERN geometry (with a single horizon) is completely 
different from arbitrary close to extremality RN geometry. IN fact, the Hawk- 
ing evaporation of a non-extreme RN BH takes an infinite time to produce an 
ERN BH. It is, though, reasonable to expect the temperature to be zero since 
the ERN has the lowest possible mass in the quantum theory and should not 
Hawking-radiate. With respect to the entropy, if we assume that the iden- 
tification between horizon area and entropy holds even at zero temperature, 
then the above limit is also correct because the ERN BH has non-zero horizon 
area. However, Euclidean semiclassical calculations gave as result 5 = for 
the ERN BH [[14]], in accordance with the conventional content of the third 
law of thermodynamics |15] and in open contrast with string state-counting 
results |16|]. In Ref. |TjJ and argument due to Sen is given explaining the 
discrepancy and a discussion from the point of view of the third law of ther- 
modynamics can be found in Ref. On the other hand one may always 
take the point of view that the geometry near the horizon is very different 
in the string picture T9] and the semiclassical approach breaks down there. 
In any case, the SUGRA result is S = 0, the string theory prediction is 
S = ttM 2 and we should regard his difference as a test (even if in gedanken 
experiments) for both theories. 



8 



What about rotating BHs? Let us go back to N — 1. The extreme 
limit of the Kerr BH is reached when M = J, before the supersymmetric 
limit M = is reached (the angular momentum does not appear in the B 
bound but it does in the extremality bound), but the supersymmetric limit 
implies the extreme because M = implies J = 0. The extreme Kerr BH has 
finite horizon area and usually this is identified with non- vanishing entropy, 
although it is not clear whether from the Euclidean semiclassical point of 
view this would be so. The temperature is zero. 

In iV = 2 the extreme and supersymmetric limits in presence of angular 
momentum are even more different. The situation is essentially the same but 
now M — > \Q + iP\ (we stress that J does never appear in the B bound) is 
always beyond the extremality limit and produces naked singularities. 

It seems that SUSY only acts as a cosmic censor in absence of angular 
momentum. 

There are more supersymmetric solutions in pure iV = 2, d = 4 SUGRA 
(apart from pp- waves) [ 2y] . They all belong to the IWP class |2l| and include 



objects with angular momentum and Taub-NUT charge. The only ones with 
regular horizons (i.e. BHs) are the ERN (Majumdar-Papapetrou) ones 0. 

1.3.3 N = 4, d = 4 SUGRA 

The bosonic part of this theory is described by the action ([II]). There are 
two B bounds: M 2 — \Zi 2 \ 2 > 0. Neither of them is in general duality- 
invariant separately and so we take their product and divide by M 2 to get 
the duality-invariant generalized B bound 

M 2 + \^f-\ Zl \ 2 -\Z 2 \ 2 >0, (15) 

which is the one that should appear in the metric because the metric is 
duality-invariant. The term \ZiZ2\ 2 M~ 2 can be identified with the charges 
of the scalars in regular BH solutions. 

There are now two ways approaching the supersymmetric limit: M — > 
|Z 1)2 | 7^ \Z 2 ,i\ (1/4 of the supersymmetries unbroken) and M — > \Z-\_\ = \Z 2 \ 
(1/2 of the supersymmetries unbroken). To study them, it is useful to have 
handy the most general supersymmetric solutions of this theory, the SWIP 
solutions p2 , 24]]. They can be built by following the recipe 



1. Choose any two complex harmonic functions TCi,7i 2 

= 0, (16) 
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which constitute an SL(2,M) doublet associated to S duality. 
2. Choose a set of complex constants k^' satisfying 



^(A;W) 2 = 0, ]T|A^| 2 = l/2. 



(17) 



i=l i=l 

These constants constitute an SO (6) vector associated to T duality. 
3. Define the functions U and Uj 



-2U 



2Sm(H 1 H 2 ) 



(19) 



4. In terms of these objects they can be constructed as follows: 

ds 2 = e 2U (dt + u k dx^j 2 - e~ 2U dx 2 , 
a + ie- 2 * = Hi/n 2 , 

A\ = 2e 2U ^e (k®H 2 ) , 

A\ = -2e 2U ^e (k®Hi) , 

where Aw is the dual vector potential. 

When the harmonic functions are chosen properly the SWIP solutions 
describe isolated (i.e. asymptotically flat) charged, point-like objects^ that 
always satisfy the identity 



M 2 + |T| 2 -4^|<7 + zP 



(|2 







(20) 



8=1 



where T is a complex combination of the scalar charges. This identity is 



the explicit form of the generalized B bound (IS). These solutions represent 
extreme BHs and so the supersymmetric limit is also the extremal limit. 

The temperature is always zero. The area is zero when there are 1/2 of 
the supersymmetries unbroken and finite when there are only 1/4. From the 



J. 2 



Angular momentum and NUT charge can also be included. 
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semiclassical Euclidean SUGRA point of view the entropy is zero in the 1/4 
case (for the same reasons as in N = 2 and in contradiction with the stringy 
calculation). In the 1/2 case the entropy is zero in both schemes. 

When matter is added to iV = 4 the rule that 1/4 of the supersymmetries 
unbroken implies regular horizon of finite area breaks down (for instance, in 
the a = 1/Vo dilaton BH) although from the string theory point of view 
the entropy should remain finite. We have also discussed that the extreme 
limit does no longer imply the supersymmetric and the extremality limit in 
general. 

In N = 4 SUGRA SUSY acts as a cosmic censor only in absence of 



angular momentum [25 



1.3.4 N = 8,d = 4 SUGRA 

The most general solution is unknown. We have already discussed that there 
are extremal but non-supersymmetric BH solutions in this theory. In any case 
we expect that all N = 8 SUGRA extreme BH solutions satisfy a generalized 
duality-invariant B identity of the form 

4 

M- 6 l[(M 2 - \Zi\ 2 ) = 0. (21) 
i=i 

Many kinds of scalar charges do appear in this identity, and, as in the 
N = 4 case they are all of secondary type, i.e. they are completely determined 
by the graviphotons' electric and magnetic charges. As we are going to argue 
now in the next section, primary charges should in some cases, and under 



certain assumptions, be included in B bounds [26]. 



2 Scalar Charges versus SUSY and Duality 



Scalar charges, not being protected by a gauge symmetry, are not conserved 
charges. For minimally-coupled scalars the standard no-hair theorems apply 
and any non-vanishing value implies the presence of naked singularities. The 
prototype of this kind of singular solution with non-trivial scalar hair (called 



primary hair) is the one given in Refs. |27] for the theory with a massless 
scalar (p and action 



S = J d 4: x\J\g\ 
The solutions take the form 



R+Udtf 



[22) 



11 



/ Mi 1 M 

ds 2 = W~ Wdt 2 - W [W~ l dr 2 + r 2 dVL 2 } 



(23) 



where 



W 



2tq I r 



M 2 + Q 2 



(24) 



The solution is determined by three independent parameters: the mass 
M, the scalar charge Qd and the value of the scalar at infinity (fio- Only when 
Qd = one has a regular solution (Schwarzschild). In all other cases there 
is a singularity at r = r . It can be embedded in N = 4 SUGRA identifying 
if = 2(p in Eq. (TO). Observe that the above family of solutions includes a 
non-trivial massless solution. Setting M = above we find 



r ds 2 



dt 2 - dr 2 - Wr 2 dfl 2 , 
(p -\nW, 



(25) 



with 



W = 1 - 



2 So 



(26) 



For non-minimally coupled scalars regular BH solutions with secondary 
scalar hairdo exist (just see above). In those solutions, the scalar (dilaton) 
charge is identical to a certain fixed combinations of the other, conserved, 
charges (for simplicity we only consider one U(l) field): 



Qa 



P 2 -Q 2 
2M 



(27) 



In iV = 4 we found that the axidilaton charge in regular BH solutions 
was equal to 



IT I = M~ 1 \Z 1 Z 2 



(2f 



The existence of secondary hair does not preclude the existence of primary 
hair. In fact, the solutions above can be interpreted in the framework of string 
theory with primary but no secondary scalar hair and there are solutions 



which have both kinds of hair at the same time [28 . 
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Primary scalar hair always seems to imply the presence of naked singu- 
larities, and the no-hair theorem should maybe be called no-primary hair 
theorem. 

In the standard derivations of the different B bound formulae only con- 
served electric and magnetic charges appear and only when all the scalar 
hair is secondary and given by Eq. (|27| , |28|) one can derive the generalized B 
bounds of the previous section in which the scalar charges appear. 

We are going to argue, however, that primary scalar hair should be in- 
corporated into the generalized B bounds. 

Let us consider a simple example: Schwarzschild's solution (given above 
just by setting Qa = 0). This solution has no unbroken supersymmetries, 
which can be understood in terms of non-saturation of the B bound (M > 0). 
A Buscher T duality transformation in the time direction preserves the SUSY 
properties and asymptotic behavior of the solution giving new asymptotically 
flat solution with no unbroken supersymmetries: precisely the massless solu- 
tion with only primary scalar hair written above in Eqs. (|25|j26|) . It is easy 
to check that this solution admits no N = 4 Killing spinors and so it has 
no unbroken supersymmetries^. However, the fact that this solution has 
no unbroken supersymmetries would not have been clear from the B bound 
point of view , had we used the once-standard form in which primary hair 
should not added to it, since its mass and all the other conserved charges are 
zero, meaning that the bound would be trivially saturated. 

All that happened in this transformation is that the mass M, which does 
appear in the B bound has completely transformed in primary dilaton charge 
Qd which in principle does not. 

It is clear that to reconcile these two results one has to admit that the 
generalized B bound formula Eq. (|20D does apply to all kinds of scalar charge 
and not only to the secondary-type one. Only in this way becomes consis- 
tent the invariance of the B bound with the covariance of the Killing spinor 
equations under T duality. 

Although our reasoning is completely clear when we look on specific solu- 
tions one should be able to derive B bounds including primary scalar charges 
using a Nester construction based on the SUSY transformation laws of the 
fermions of the supergravity theory under consideration. To be able to do this 
one has to be able to manage more general boundary conditions including 
the seemingly unavoidable naked singularities that primary hair implies. 

Although we have kept this discussion strictly four- dimensional it is easy 
to generalize these arguments to higher dimensions. In fact, solutions gen- 

13 The dilatino SUSY transformation rule would be equal to <5 e A 7 ~ flcfie 1 which only 
vanishes for e 1 — 0. (I is an SU(A) index here). 
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eralizing the one above to higher (d) dimensions can be straightforwardly 
found 



ds 2 



where 



and now 



W~~"Wdt 2 - W 



J + ^ In W . 



-J-(l-M.\ 



w^dp 2 + P 2 dn 2 



w 



2r 

nd-3 



(d-2) 



(29) 



(30) 



M + 2 



rf-3 
d-2 



Q 



(31) 



For Qa = we recover the cf- dimensional Schwarzschild solution. In 
all other cases we have metrics with naked singularities either at p = or 



p d-s = 2rQ . 



26 . It seems that most mass- 



Further examples can be found in Ref. 
less BHs found in string theory are T dual to extremal BHs with vanishing 
dilaton. 

It is not clear whether it should be possible to find supersymmetric solu- 
tions which saturate the generalized B bound with primary scalar charges. It 
seems that, although the B bound should include the primary scalar hair, the 
saturation of the bound is always reached with secondary scalar hair only, 
but there is not proof of this fact. 



3 Cosmic Censorship, No-Hair Theorems and 
String Theory 

We have seen that (classical) SUSY seems to act as a cosmic censor in general 
only in static situations. Solutions that saturate the B bound and have 
angular momentum have naked singularities but are allowed by SUSY. In 
Ref. [|29[ it was observed that SUSY allows for massless solutions that can be 
interpreted as being made of constituents with positive and negative mass. 
SUSY does not forbid the presence of negative mass as long as the total mass 
is not negative. 

Something similar happens with primary scalar hair: SUSY does not 
constrain its existence. 
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It is precisely here where a good quantum gravity theory should make 
an improvement. In particular, once identified the elementary degrees of 
freedom and rules under which they can be combined, such a theory should 
predict that objects with naked singularities cannot be built within its frame- 
work. With respect to the angular momentum problem, at least, this seems 
to be a success of string theory. In SUGRA, if we start with an ERN BH, the 
rules seem to allow us to add angular momentum while keeping the B bound 
saturated (by diminishing the mass). This is not possible in string theory |3(J 
where it seems that we can only add angular momentum by adding fermions 
increasing at the same time the mass so the B bound is no longer saturated 
but the extremality bound is exactly saturated and never trespassed. 

With primary scalar hair the situation is not so clear. In fact, one could 
argue that there are no sources within string theory for primary scalar hair 
and, as such, it should be impossible to build string theory solutions with 
primary scalar hair. However, it also looks difficult in string theory to identify 
the source of the mass when the B bound is not saturated and the mass is 
not entirely determined by the electric and magnetic charges (just like the 
secondary hair). It can be argued that the duality transformation that takes 
us from Schwarzschild's BH (for which a string theory model is still lacking) 
to the massless purely scalar solution, and which we have use heuristically, 
is not a good string symmetry, but that would not change the fact that the 
massless purely scalar solution is a solution of the low-energy effective action 
at least as good as Schwarzschild's. Clearly more work on this area is needed 
to clarify these crucial issues. 

Acknowledgments 

The author would like to thank the organizers of this very interesting Karpacz 
school for their invitation to participate and M.M. Fernandez for her support. 

References 

[1] G.W. Gibbons, Aspects of Supergravity Theories, (three lectures) in: 
Supersymmetry, Supergravity and Related Topics, eds. F. del Aguila, 
J. de Azcarraga and L. Ibanez, World Scientific, Singapore, 1985, page 
147. 

[2] R. Kallosh, D. Kastor, T. Ortm and T. Torma, Supersymmetry and 
Stationary Solutions in Dilaton-Axion Gravity, Phys. Rev. D50 (1994) 
6374. 



15 



[3] E. Witten, Comm. Math. Phys. 80, (1981) 381. 
J.M. Nester, Phys. Lett. 83A, (1981) 241. 
W. Israel and J.M. Nester, Phys. Lett. 85A, (1981) 259. 
G.W. Gibbons and CM. Hull, A Bogomol'nyi Bound for General Rel- 
ativity and Solitons in N = 2 Supergravity, Phys. Lett. 109B (1982) 
190. 

J.M. Izquierdo, N.D. Lambert, G. Papadopoulos and P.K. Townsend, 
Dyonic Membranes, Nucl. Phys. B460 (1996) 560-578. 

E. Witten and D. Olive, Supersymmetry Algebras that Include Topo- 
logical Charges, Phys. Lett. 78B (1978) 97. 

S. Ferrara, C.A. Savoy and B. Zumino, General Massive Multiplets in 
Extended Supersymmetry, Phys. Lett. 100B (1981) 393. 

S.D. Majumdar, Phys. Rev. 72 (1947) 930. 
A. Papapetrou, Proc. Roy. Irish. Acad. A51 (1947) 191. 

J.B. Hartle and S.W. Hawking, Solutions of the Einstein-Maxwell Equa- 
tions with Many Black Holes Commun. Math. Phys. 26, (1972) 87. 

R. Kallosh, A. Linde, T. Ortin, A. Peet and A. Van Proeyen, Supersym- 
metry as a Cosmic Censor, Phys. Rev. D46 (1992) 5278-5302. 

R.R. Khuri and T. Ortin, Supersymmetric Black Holes in N = 8 Super- 
gravity, Nucl. Phys. B467), (1996) 355-382. 

T. Ortin, Extremality Versus Supersymmetry in Stringy Black Holes, 
C.E.R.N. Report CERN-TH/96-357 and [hep-th/96 12141 (to be pub- 
lished in Physics Letters B). 

A. Dabholkar, Microstates of Non-supersymmetric Black Holes, Report 
TIFR-TH-97-02 and |hep-th/9702050[ 



R.R. Khuri and T. Ortin, A Non- Supersymmetric Dyonic Extreme 
Reissner-Nordstrom Black Hole, Phys. Lett. B373 (1996) 56-60. 

D. Kutasov and E.J. Martinec, New Principles for String/ Membrane 
Unification, Nucl. Phys. B477 (1996) 652-674. 

D. Kutasov, E.J. Martinec and M. O'Loughlin, Vacua of M Theory and 
N = 2 Strings, Nucl. Phys. B477 (1996) 675-700. 

E. J. Martinec, Geometrical Structures of M Theory, EFI & Chicago 
U. Report EFI-96-29 and [hep-th/ 9608017. 



D. Kutasov and E.J. Martinec, M Branes and N = 2 Strings, EFI & 



16 



Chicago U. Report EFI-96-47 and [hep-th/ 96 12102 



I. Bars, S Theory, To be published in Phys. Rev. D, |hep-th/9607112 . 
I. Bars, Black Hole Entropy Reveals a Twelfth Dimension, C. E.R.N. Re- 
port CERN-TH-96-277 and [hep-th/96 10071 - 

CM. Hull, String Dynamics at Strong Coupling, Nucl. Phys. B468 
(1996) 113-154. 

C. Vafa, Evidence for F Theory, Nucl. Phys. B469 (1996) 403-418. 

[14] S.W. Hawking, G.T. Horowitz and S.F. Ross, Entropy, Area and black- 
Hole Pairs, Phys. Rev. D51 (1995) 4302-4314. 

G.W. Gibbons and R. Kallosh, Topology, Entropy and Witten Index of 

Dilaton Black Holes, Phys. Rev. D51 (1995) 2839-2862. 

C. Teitelboim, Action and Entropy of Extreme and Non-extreme Black 

Holes, Phys. Rev. D51 (1995) 4315-4318, Erratum: ibid. D52 (1995) 

6201. 



[15 
[16 
[17 

[18 
[19 
[20 
[21 



J.M. Bardeen, B. Carter and S.W. Hawking, The Four Laws of Black 
Hole Mechanics, Commun. Math. Phys. 31 (1973) 161-170. 

C.V. Johnson, R.R. Khuri and R.C. Myers, Entropy of 4-d Extremal 
Black Holes, Phys. Lett. B378 (1996) 78-86 

G.T. Horowitz, The Origin of Black Hole Entropy in String Theory, Talk 
given at the Pacific conference on Gravitation and Cosmology, Seoul, 
Korea, 1-6 February 1996. Report UCSBTH-96-07 and |gr-qc/ 960405 1| . 

R.M. Wald, The u Nernst Theorem" and Black Hole Thermodynamics, 
|gr-qc/9704008 , 



K. Behrndt and E. Bergshoeff, A Note on Intersecting D-Branes and 
Black-Hole Entropy, Phys. Lett. B383 (1996) 383-389. 

K.P. Tod, All Metrics Admitting Supercovariantly Constant Spinors, 
Phys. Lett. 121B, (1981) 241. 

Z. Perjes, Solutions of the Coupled Einstein-Maxwell Equations Repre- 
senting the Fields of Spinning Sources, Phys. Rev. Lett. 27 (1971) 1668. 
W. Israel and G.A. Wilson, A Class of Stationary Electromagnetic Vac- 
uum Fields, J. Math. Phys. 13, (1972) 865. 

[22] R. Kallosh and T. Ortm, Charge Quantization of Axion-Dilaton Black 
Holes, Phys. Rev. D48 (1993) 742-747. 



17 



[23] K.P. Tod, More on Supercovahantly Constant Spinors, Class. Quantum 
Grav. 12 (1995) 1801-1820. 

[24] E. Bergshoeff, R. Kallosh, and T. Ortin, Stationary Axion/Dilaton So- 
lutions and Supersymmetry, Nuclear Physics B478 (1996) 156-180. 

[25] M. Cvetic and D. Youm, Entropy of Non-Extreme Charged Rotat- 
ing Black Holes in String Theory, Phys. Rev. D54 (1996) 2612-2620. 
[hep-th/9603147 , 

[26] E. Alvarez, P. Meessen and T. Ortin, Transformation of Black-Hole Hair 
under Duality and Supersymmetry, (in preparation). 

[27] A.I. Janis, E.T. Newman and J. Winicour, Phys. Rev. Lett. 20 (1968) 
878. 

A.G. Agnese and M. La Camera, Gravitation without Black Holes, 
Phys. Rev. D31 (1985) 1280-1286. 

[28] A.G. Agnese, M. La Camera, General Spherically Symmetric Solutions 
in Charged Dilaton Gravity, Phys. Rev. D49 (1994) 2126-2128. 

[29] T. Ortin, Massless String Theory Black Holes as Black Diholes and 
Quadruholes, Phys. Rev. Lett. 76 (1996) 3890. 

[30] J.M. Maldacena, Ph.D. Thesis, Princeton University, Black Holes in 
String Theory, [hep-th/9607235 . 



18 



